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Developing advanced superwetting oil/water separation materials with controlled wettability, excellent 
selectivity and sustainable separation is a persistent pursuit for researchers. Recently, smart materials 
have been highly anticipated to enable the sustainable treatment of oil spills and oily wastewater. 
According to their different response mechanisms, smart materials are mainly divided into stimulus 
responsive and prewetting induced types. The stimulus responsive smart materials can reversibly switch 
interfacial wettability between superhydrophobicity and superhydrophilicity in accordance with the 
external stimulus. Alternatively, prewetting induced smart materials can realize on-demand oil/water 
separation without continuous external stimulus, given that their responses are only water or oil, which 
can be obtained directly from oil/water mixtures. Even though most smart materials have exhibited 
remarkable potential in sustainably solving oil spills and purifying oily wastewater, these extremely 
significant and crucial research advancements have rarely been summarized and reported in the recent 
literature. Herein, we present an in-depth discussion and systematic summary of the work done thus far 
in the development of smart materials for oil/water separation. Firstly, the fundamental theory of special 
wettability, the mechanism of oil/water separation, and the “oil-removing” materials and “water- 
removing” materials with single wettability are discussed, respectively. Then, Janus materials with 
asymmetrical wettability are also discussed. Particularly, the current developments of smart materials 
with switchable wettability are emphatically reviewed, such as their preparation principles, main 


responsive factors, representative works, design ideas, fabrication strategies, and the role of special 
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efficiency, large energy consumption, high cost, and complex 
operation and maintenance, which greatly limit their large- 
Worldwide oil spills, industrial oily wastewater, and household scale practical applications.™™° Consequently, considerable 


1 Introduction 


sewage introduce numerous poisonous compounds into clean 
waters, posing a serious threat to the environment and 
humans.** Accordingly, given that many serious problems are 
caused by oil pollutions, the development of efficient methods 
for water treatment has become an emerging and urgently 
needed key issue in both industry and the research community. 
Conventional approaches including in situ burning, use of 
chemical dispersants, chemical solidification, mechanical 
fishing, electrolysis, absorption, centrifugation, and biological 
methods’ have been employed to address environmental 
problems. However, these methods are usually accompanied by 
certain drawbacks such as secondary pollution, low separation 
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efforts should be devoted to researching advanced oil/water 
separation strategies with environmental protection, high effi- 
ciency, energy conservation, low cost, excellent separation 
performance and multifunctional applications.” Interest- 
ingly, the research on the role of wettability in oil/water sepa- 
ration has made important progress, which is expected to treat 
practical oil spills and purify industrial oily wastewater. Partic- 
ularly, special wettability is usually used to describe the 
extremely wetting behavior of the liquid at the liquid/air/solid or 
water/oil/solid interface with a contact angle (CA) greater than 
150° or less than 10°, which is attractive for self-cleaning, anti- 
icing, printing, water collection, liquid transfer, corrosion 
resistance, gas separation, seawater desalination, and oil/water 
separation.“**° In the field of oil/water separation, “oil- 
removing” materials with superhydrophobic/superoleophilic 
property can selectively separate oil from oil/water mixtures or 
oil/water emulsions.” Alternatively, materials with 


This journal is © The Royal Society of Chemistry 2022 


Published on 09 September 2022. Downloaded by Universidade de Coimbra on 12/11/2023 2:24:38 AM. 


Review 


superhydrophilic/superoleophobic ability are known as “water- 
removing” materials.**** Due to its ultrahigh separation 
performance and excellent reusability, wettability-regulated 
separation technology is superior to conventional separation 
methods, and thus is regarded as the best choice for treating oil 
spills and purifying oily wastewater.**° The first “oil-removing” 
material was reported by Jiang et al. in 2004, which successfully 
achieved gravity driven oil/water separation.” Since then, an 
increasing number of superwetting materials has been 
designed and fabricated, such as superwetting materials with 
single wettability, Janus materials with diametrically opposite 
wettability, and smart materials with switchable wettability.** °° 
Importantly, compared with stationary wettability materials, 
smart materials are superior for simplifying separation devices, 
accelerating the separation rate, and reducing the energy 
consumption. Consequently, smart materials have successfully 
realized the on-demand separation of immiscible oil/water 
mixtures driven by gravity based on the difference in density 
between oil and water. Meanwhile, according to the different 
emulsification types of oil/water emulsions (oil-in-water emul- 
sion and water-in-oil emulsion), they can also accomplish the 
on-demand and efficient separation of complex oil/water 
emulsions.7*°°°* 

Thus far, an increasing number of smart materials has been 
designed and fabricated to solve oil leakage and treat oily 
wastewater. On the one hand, various external stimuli including 
pH, thermal, light, electrolyte, magnetic, salt/ions/chemicals, 
and gas, have been investigated to achieve surface wettability 
control of stimulus responsive smart materials.°” On the other 
hand, smart materials induced by a prewetting strategy can also 
perfectly enable on-demand oil/water separation, even emul- 
sions separation without any continuous external stimulus. 
Compared with stimulus responsive materials, prewetting 
induced smart materials often exhibit the following advantages: 
(a) the separation pattern can be quickly switched between the 
“water-removing” type and the “oil-removing” type; (b) prewet- 
ting induced smart materials avoid the use of expensive and 
environmentally polluting low-surface-energy substances, such 
as fluorosilanes used to prepare superhydrophobic surfaces; 
and (c) stimulus responsive smart materials are only limited to 
some specific organic or inorganic substances that are pH- 
sensitive, heat-sensitive, photosensitive, etc., while prewetting 
induced smart materials can use some materials with super- 
amphiphilic performance and certain water or oil retention 
property. It is worth noting that stimulus responsive and pre- 
wetting induced smart materials have opened up a whole new 
dimension in the research field of oil spills and oily wastewater 
treatment. Importantly, smart materials are highly anticipated 
to enable the sustainable treatment of oil spills and oily 
wastewater. Therefore, it is necessary to systematically 
summarize the latest research developments on smart mate- 
rials. Herein, we present an overview on the design, fabrication, 
applications, and recent advancements of smart materials for 
oil/water separation. Firstly, the fundamental theory of special 
wettability, the mechanism of oil/water separation, and the 
different types of “oil-removing” materials and “water- 
removing” materials with single wettability are briefly discussed 
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(Section 2). Meanwhile, Janus materials with asymmetrical 
wettability are also discussed (Section 3). Then, the recent 
developments on smart materials with switchable wettability 
are systematically summarized and reviewed in detail, such as 
the principle for the preparation of superwetting smart mate- 
rials, the main responsive factors, reported representative 
works in detail, introduction of the design idea, description of 
their fabrication strategies, and discussion the role of special 
wettability in oil/water separation. Furthermore, based on 
above-mentioned ideas, the stimulus responsive and prewetting 
induced smart materials are discussed, respectively (Section 4). 
Finally, a comprehensive summary of smart materials is 
provided, including their advantages and disadvantages, the 
remaining challenges, and the prospects for the future of this 
subject (Section 5). 


2 “Oil-removing"- and “water- 
removing"-type materials 


Nowadays, oil/water separation materials with special wetta- 
bility have been extensively researched. Obviously, “oil- 
removing” (materials with superhydrophobicity and super- 
oleophilicity) and “water-removing” (materials with super- 
hydrophilicity and superoleophobicity) materials are the two 
most popular candidates for solving oil spills and purifying oily 
wastewater, as illustrated in Fig. 1. By virtue of the accurate 
selectivity, excellent separation performance and outstanding 
recyclability of special wettability materials, they have superior 
ability for separating oil/water mixtures and even emulsions 
compared to conventional methods. To date, an increasing 
number of materials with superwetting property have exhibited 
a much brighter outlook for oil-contaminant wastewater treat- 
ment.°* In this section, the fundamental theories of special 
wettability, the mechanism of oil/water separation, and the 
different types of “oil-removing” and “water-removing” oil/ 
water separation materials will be introduced. 


2.1 Theories of wettability 


Surface wettability, a type of common phenomenon present 
everywhere, is determined by both surface morphology and 
chemical components. According to the water CA value, the 
surface wettability behavior can be divided into four different 
states. Specifically, water CAs between 10° and 90° and between 
90° and 150° define the hydrophilic and hydrophobic surfaces, 
respectively. Furthermore, superhydrophilic and super- 
hydrophobic surfaces with 0° < water CA < 10° and 150° < water 
CA < 180°, respectively, have attracted considerable attention 
because of the extremely wetting behavior of water droplets on 
the material surface, which endows the material with high oil/ 
water selectivity. 

The CA of liquid droplets on a solid surface is often used to 
evaluate the surface wettability, which can be expressed by 
Young's equation (Fig. 2(a)),*°*”4 as follows: 


cos by = Ysv — YsL (1) 


YLV 
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Fig. 1 (a) and (b) Schematic diagram of “oil-removing/water-removing”-type non-emulsified oil/water mixtures and emulsified oil/water 


mixtures, respectively. 
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Fig. 2 (a) Wetting state of droplets in (a) Young's model, (b) Wenzel's model and (c) Cassie—Baxter's model. (d) ĝa and Op. (e) CAH on inclined 


surfaces: Opa and Osa. 


where @y is the CA of the liquid droplets on a smooth solid 
surface, and Ysv, Ys, and yv are the surface tension of solid- 
vapor, solid-liquid, and liquid-vapor interfaces, respectively. It 
is worth noting that Young's equation is only applicable for an 
ideal surface with absolutely smooth and uniform chemical 
properties. Considering the influence of a practical solid 
surface, Wenzel proposed a new type of homogeneous wetting 
model in the case of a rough surface (Fig. 2(b)) and obtained the 
more realistic Wenzel equation,*®*””* as follows: 


cos Ow = r(Ysv — YsL) (2) 


YLV 
where r is defined as roughness, which refers to the ratio of the 
actual solid-liquid interface contact area to the apparent 
contact area (r = 1) and fw is the CA of a rough surface in the 
Wenzel state. The relationship between the CA in Wenzel's 
model and the CA in Young's model can be expressed by the 
following equation: 


cos Ow = r cos by (3) 


According to eqn (3), when Oy < 90°, the value of ĝy is less 
than w, and thus for a hydrophilic surface, an increase in 
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roughness will lead to a decrease in CA and an enhancement in 
hydrophilicity. On the contrary, when ôw > 90°, the value of 6y is 
greater than @w, which indicates that an increase in roughness 
will lead to an increase in CA and enhancement in hydropho- 
bicity. However, for porous structures containing many chem- 
icals, Wenzel's model is not applicable. 

Continuously, Cassie and Baxter further extended the Wen- 
zel equation and regarded an inhomogeneous solid rough 
surface as a heterogeneous surface. When the roughness of 
a solid surface increases to a certain degree, the liquid will be 
suspended above the rough structure and a small amount of air 
will be trapped in it (Fig. 2(c)). The CA (fcs) can be expressed by 
the following equation:*°77* 


cos Ocz = fsx cos Isp + fuv COS OLy (4) 


where fsı is the surface fraction of the solid—liquid phase, fiy is 
the surface fraction of the liquid-vapor phase, and s, and ry 
are the corresponding CAs, respectively. Meanwhile, the Cassie- 
Baxter equation is also suitable to porous, rough and air- 
trapping surfaces, where the surface is composed of solid 
matter and air. 


cos cg = fst cos Ost — fiv (5) 
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Furthermore, the contact angle hysteresis (CAH) is another 
common phenomenon on solid surfaces, which can also be 
used to judge surface wettability. As shown in Fig. 2(d), for 
dynamic droplets, there are two CAs, i.e., the receding contact 
angle (fr) and advancing contact angle (6,4). Generally, the 
difference in the phenomena between 6g and @, is defined as 
CAH. Meanwhile, the influencing factors of CAH are surface 
roughness, surface chemical inhomogeneity, and heteroge- 
neity, as well as surface contamination and droplet erosion. In 
addition, the rolling angle (fra) and sliding angle (fsa) are also 
important parameters that characterize the wetting character- 
istics of liquid droplets on the solid surface. On an inclined 
solid surface, the 6, and 6g of a liquid can be observed simul- 
taneously (Fig. 2(e)). 


2.2 Mechanism of oil/water separation 


Due to the obvious different interfacial effects of oil and water 
in the oil/water separation process, there are three important 
physical characteristics including aperture size, porosity, and 
intrusion pressure that play essential roles in the separation 
performance. The aperture size and porosity have great influ- 
ence on the rate of permeation of one phase (water or oil) 
through the materials. The intrusion pressure (AP) is the 
maximum static pressure that the materials can withstand, 
which can be expressed by the following equation:*°7”* 


2y ly(cos ba) 


AP = = A (6) 


where y represents the surface tension, R is the radius of the 
meniscus, l represents the perimeter of the pores, ĝa is the 
advancing contact angle between the liquid and material 
surface, and d is the pore size. This equation indicates that the 
interface wettability has a significant influence on the intrusion 
pressure. Specifically, when 6, > 90°, the AP is positive, which 
can overcome certain external pressure. Conversely, when 6, < 
90°, AP < 0, and thereby the liquid can easily permeate the 
apertures and completely soak the lyophilic surface. Therefore, 
a surface with superhydrophobic/superoleophilic property is 
intrinsically “oil-removing”, where oil can penetrate the surface 
rapidly, while blocking water from passing through. Similarly, 
as the oil droplets come into contact with the water prewetted 
surface, they fail to infiltrate the surface with underwater 
superoleophobicity because the oil CA of the surface is over 90° 
and AP is larger than 0. Generally, a hydrophilic surface in air 
shows underwater (super)oleophobicity owing to the higher 
surface tension of water than oil. Consequently, a surface with 
superhydrophilicity/underwater superoleophobicity can be 
“water-removing” to selectively separate immiscible oil/water 
mixtures, which will only allow water to pass through and 
form a water layer to repel oil completely. 

Meanwhile, the separation of oil/water emulsions can also be 
achieved via size-sieving or demulsification. Specifically, the 
pore size of superwetting materials needs to be smaller than or 
proportional to the size of emulsified droplets when using size- 
sieving to separate emulsions. “Oil-removing” surfaces with 
superhydrophobicity and superoleophilicity are usually used to 
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separate water-in-oil emulsions, whereas “water-removing” 
separation materials are often exploited to treat oil-in-water 
emulsions. However, a smaller pore size greatly reduces the 
separation flux, resulting in a lower separation efficiency of 
emulsions than immiscible oil/water mixtures by size-sieving. 
Compared with size-sieving, demulsification can achieve rapid 
emulsion separation. Generally, the demulsification process 
can be divided into two steps, as follows: (1) once oil/water 
emulsions contact the material surface, the emulsified drop- 
lets are captured by the surface and (2) emulsified droplets 
coalesce on the surface, and then the emulsions turn to 
immiscible oil/water mixtures. Following the further separation 
of immiscible oil/water mixtures by superwetting materials, 
either superhydrophobic or superhydrophilic surface, selective 
emulsion separation will be achieved. This method can effec- 
tively improve the separation performance of oil/water 
emulsions. 


2.3 “Oil-removing”-type materials 


“Oil-removing”-type materials can selectively filter or absorb oil 
from oil/water mixtures, which is attributed to their excellent 
superhydrophobic/superoleophilic property. As is known, 
a superwetting surface is determined by its micro/nano-scale 
rough structure and appropriate surface energy. TO achieve 
both superhydrophobicity and superoleophilicity simultaneously, 
the surface energy of the selected materials should be between oil 
and water. Furthermore, enhancing the surface roughness is 
a critical strategy to improve the superhydrophobic/ 
superoleophilic performance of materials.°”° To date, many 
strategies have been developed and applied to design and fabri- 
cate “oil-removing” materials. The first example of an “oil- 
removing” material was reported in 2004 by Jiang et al.” Specif- 
ically, a stainless steel mesh membrane with superhydrophobic/ 
superoleophilic performance was designed and fabricated by 
a simple spraying strategy. Consequently, the water droplets were 
spherical on the surface, while diesel oil droplets quickly spread 
and penetrated the mesh membrane. In addition, Li et al.”»” 
designed and fabricated a continuous and ultrafast absorbing oil 
bag combining 2-dimensional (D) —superhydrophobic/ 
superoleophilic cotton fabric with a large volume capacity of 3D 
porous PU sponge, as shown in Fig. 3(a)-(c). The super- 
hydrophobic bag filled with sponge was used for collecting oils 
from a series of oil/water mixtures, thereby realizing the contin- 
uous separation of oil/water mixtures with the assistance of 
a vacuum pump (Fig. 3(d)-(f)). Importantly, the proposal of this 
strategy has created the practical application possibilities for 
achieving on-demand and efficient separation of oil/water 
mixtures. After many years of research, an increasing number 
of “oil-removing” materials has been designed and fabricated. 
Researchers usually use various materials (metal mesh, polymer 
membrane, fabrics, etc.), foam, sponge, etc. as supporting mate- 
rials and combine micro/nano-scale rough structures with low 
surface energy substances to design and fabricate “oil-removing” 
materials.41°°°7> Although “oil-removing” materials are an 
extremely successful attempt to introduce super wettability into 
the field of oil/water separation, they have also exposed certain 
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(a) Schematic illustration of the oil/water separation process. (b) State of water and oil placed on the surface of pristine fabric and 
superhydrophobic fabric, and water and oil CAs on the treated fabric; 


Reproduced from ref. 71 with permission from The Royal Society of 


Chemistry, copyright 2015. (c) Image of superhydrophobic fabric bag filled with PU sponges. (d) Processes of the absorption of oils from water (oil 
is dyed with Oil Red O and water is dyed with methylene blue). (e) Process for the capture of toluene and chloroform from the water surface and 
underwater using the as-prepared superhydrophobic and superoleophilic fabric. (f) Progress of the continuous absorption and removal of oils 
(dyed with Oil Red O) from water (dyed with methylene blue). Reproduced from ref. 72 with permission from the John Wiley and Sons, copyright 


2016. 


defects in the process of research and practical applications.* 
Overall, the biggest challenge associated with “oil-removing” 
materials is that their pores are very easily fouled by oils due to 
their intrinsic oleophilic property. In addition, “oil-removing” 
materials are not suitable for the continuous separation of 
gravity-driven light oil (its density is lower than water, which is 
more common) and water mixtures due to the fact that the water 
under the oil forms a hydration layer on the surface, which 
prevents the oil from coming into contact. This inherent defect 
seriously restricts the practical applications of “oil-removing” 
materials. Therefore, developing and designing novel “oil- 
removing” materials with anti-fouling and anti-adhesion ability 
has become a crucial research field in recent years. 


2.4 “Water-removing”-type materials 


Unlike “oil-removing” materials, “water-removing” materials 
with superhydrophilic/superoleophobic property can selectively 
separate water from oil/water mixtures.”*”” Compared with the 
“oilremoving” type, “water-removing” materials possess 
obvious advantages,*1°°°”? as follows: (a) the super- 
oleophobicity of “water-removing” materials greatly protects the 
materials from fouling by oils, thereby fundamentally over- 
coming the limitation of oil contamination and endowing the 
oil/water separation materials better performance in terms of 
service life, recycling of oil and recyclability of materials; (b) 
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“water-removing” materials exhibit more conspicuous applica- 
tion advantages in practical gravity-driven separation processes, 
given that oil is typically less dense than water; and (c) “water- 
removing” materials exhibit unique superiority in oil spills 
because they can achieve oil enrichment and recovery. Based on 
the above-mentioned advantages, an increasing number of 
“water-removing” materials have been designed and 
manufactured. 

Firstly, following the development of underwater super- 
oleophobic materials inspired by fish scales, Jiang and Feng 
et al.”* fabricated a polyacrylamide hydrogel-coated mesh as an 
underwater superoleophobic “water-removing” filter for the 
first time in 2011. As shown in Fig. 4(a) and (b), the water phase 
in the oil/water mixtures penetrated through the filter into the 
beaker below, while the oil phase was repelled above the 
membrane. Xu et al.”? obtained a superhydrophilic/underwater 
superoleophobic membrane by depositing CaCO; mineral on 
a polypropylene microporous membrane, which could effi- 
ciently separate a series of oil/water mixtures with high sepa- 
ration efficiency and large separation flux. In addition, Li et al.° 
took advantage of the superhydrophilicity and excellent water 
retention of palygorskite clay to fabricate a superhydrophilic/ 
underwater superoleophobic screen filter membrane by spray- 
ing mixtures of palygorskite and binder on stainless steel mesh. 
The as-prepared membrane could separate acid, alkali, salt, and 
even hot water and oil mixtures, which greatly expanded the 
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Fig.4 (a) SEM images of polyacrylamide hydrogel-coated mesh prepared from stainless steel mesh with an average pore diameter of about 50 
um, which showed special wettability with both underwater superoleophobic and low oil-adhesion characteristics. (b) Separation progress of 
polyacrylamide hydrogel-coated mesh for oil/water mixtures. Reproduced from ref. 78 with permission from the John Wiley and Sons, copyright 
2011. (c) Separation progress of the palygorskite-coated mesh for mixtures of kerosene and various corrosive aqueous solutions. Reproduced 
from ref. 80 with permission from John Wiley and Sons, copyright 2016. 


practical application range of “water-removing” materials 
(Fig. 4(c)). In conclusion, “water-removing” materials with 
superhydrophilic/underwater superoleophobic property effec- 
tively avoid the possibility of the materials being contaminated 
by oil. However, “water-removing” separation materials are also 
obviously unsuitable for separating heavy oil (density higher 
than water) and water mixtures**’®°*”* because the lower 
density of water causes the oils to settle under the water and 
attach to the membrane, thereby forming a barrier layer, which 
prevents water permeation. In addition, compared with 
superhydrophobic/superoleophilic materials, 
superhydrophilic/superoleophobic materials are much more 
difficult to obtain because it is quite difficult to find one 
substance whose surface energy is simultaneously larger than 
water and smaller than oil. Therefore, there is an urgent need to 
fabricate advanced materials with convertible wettability 
between the “oil-removing” and “water-removing” to realize the 
on-demand and efficient separation of the oil/water mixtures 
and even emulsions. 


3 Janus materials 


Due to the fact that single wettability materials are seriously 
limited by numerous conditions in practical application envi- 
ronments, the advanced materials with convertible wettability 
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between the “oil-removing” and “water-removing” are extremely 
significant. Janus materials with asymmetric wettability have 
attracted widespread interest in recent years because the dia- 
metrically opposite wettability of two different surfaces, which 
can act as a switchable barrier during the oil/water separation 
process,*** as shown in Fig. 5. In addition, due to their unique 
liquid unidirectional transport ability, Janus materials are ideal 
for application in the field of intelligent control, which has also 
received extensive attention in recent years.***° Usually, Janus 
materials with asymmetric wettability can be fabricated in two 
ways, i.e., asymmetric fabrication and asymmetric modification 
on the substrate. Asymmetric fabrication is the easiest approach 
to obtain Janus materials by fabricating each side of the Janus 
materials, and then combining them. For example, Jiang et al.*° 
prepared a Janus membrane by fabricating a hydrophilic poly- 
acrylonitrile electrospun nanofiber (PANEN) membrane, and 
then coated a single-side hydrophobic carbon nanotube (CNT) 
network via vacuum filtration. As shown in Fig. 6(a)-(c), the 
obtained Janus membrane possessed opposite oil/water wetta- 
bility and separation performance for different oil/water 
mixtures, ie., highly efficient oil-in-water emulsion separation 
with the PANEN side and water-in-oil emulsion separation with 
the CNT side. Recently, Li et al.” fabricated a Janus nanofibrous 
membrane with a special micro-nanostructure via the electro- 
spinning strategy. As shown in Fig. 6(d), the polyacrylonitrile 
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Fig. 5 Schematic diagram of Janus materials for oil/water separation. 
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(a) Underwater oil wettability of the CNT@PANEN membrane. (b) Separation performance of oil-in-water emulsion using the PANEN side 


of CNT@PANEN membranes. (c) Separation performance of water-in-oil emulsion using the CNT@PANEN membranes. Reproduced from ref. 86 
with permission from Elsevier Ltd, copyright 2017. (d) Schematic of fabrication of Janus nanofibrous membrane and its application in separating 
oil/water emulsions. (e) and (f) Rejection and separation flux of Janus membrane for oil-in-water and water-in-oil emulsions, respectively. 
Reproduced from ref. 87 with permission from Elsevier, copyright 2022. 


(PAN) and zeolitic imidazolate framework-8 (ZIF-8) nanofibrous 
membrane exhibited hydrophobicity and underoil super- 
hydrophobicity, with water CAs higher than 150° in oils, 
whereas the PAN and candle soot (CS) nanofibrous membrane 
displayed favorable superhydrophilicity and underwater super- 
oleophobicity, with oil CAs greater than 151° in water. Conse- 
quently, the obtained Janus membrane exhibited an excellent 
rejection rate (99.1%) towards various oil/water emulsions and 
a high separation flux of up to 1720 + 20 L m~” h™* driven only 
by gravity (Fig. 6(e) and (£)). 

However, to achieve asymmetric modification on a substrate, 
a decoration process usually needs to be conducted. For 
instance, Zeng et al.** fabricated a scalable, low-cost, and 
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machine-washable Janus membrane by combining the cyclic 
self-assembly of phytic acid (PA) and Fe™ and one-sided 
spraying coating of polydimethylsiloxane (PDMS). The prepa- 
ration process is shown in Fig. 7(a). Furthermore, the applica- 
tions of the Janus fabric are shown in Fig. 7(b), where the 
obtained fabric also exhibited important applications in fluid 
directional transport. However, the biggest drawback of Janus 
materials is that they cannot achieve continuous oil/water 
separation because mechanical rotation or artificial inversion 
is constantly required according to different separation targets. 
Moreover, Janus materials have some other defects such as 
complicated preparation process and low separation efficiency, 
which are not conducive to their wide application. Accordingly, 


This journal is © The Royal Society of Chemistry 2022 


Published on 09 September 2022. Downloaded by Universidade de Coimbra on 12/11/2023 2:24:38 AM. 


Review 


(a) 


Fabric 


+PA/Felt! 


Cyclic self- 
assembly 


Janus fabric 


Superhydrophobic 


Superhydrophilic~ 


(b) 


Unidirectional Liquid Transport 


View Article Online 


Journal of Materials Chemistry A 


PA-Fe'"' coated fabric 


Dip 


water 


Modification 


Switchable Permeation 


Adjusted by changing 


66 = 
rer a saa 
| Mi 


Moisture-Wicking Fabric Water Collection under Oil Demulsification 


Water 


Heavy oil 


oe 
ADAE 


pure oil 


Separation of Heavy Oil and Light Oil from Water 


Fig. 7 (a) Schematic illustration of the fabrication process of the Janus membrane. (b) Applications of the Janus fabric with unidirectional liquid 
transport and switchable permeation. Reproduced from ref. 88 with permission from the American Chemical Society, copyright 2020. 


the continuous separation of oil/water mixtures or emulsions in 
just only one superwetting surface without mechanical or arti- 
ficial rotation may be a better strategy for continuously solving 
oil spills and purifying oily wastewater. 


4 Smart materials 


Recently, smart materials have received widespread attention 
because they can spontaneously change the surface wettability 
according to the stimulus. Particularly, smart materials are 
highly expected to realize the sustainable treatment of oil spills 
and oily wastewater. According to their different response 
mechanisms, smart materials are mainly divided into stimulus 
responsive and prewetting induced types. Stimulus responsive 
smart materials have shown a broad prospect of applications in 
controlled drug delivery, reversible cell capture, rapid water 
motion, micro-fluidic devices, smart coatings, intelligent 
sensors, and oil/water separation.” Furthermore, prewet- 
ting induced smart materials can well realize on-demand oil/ 
water separation and even emulsion separation without any 
continuous external stimulus.°™™* 

Simultaneously, it is well known that there are two important 
factors for the construction of superwetting surfaces, ie., the 
surface energy of the materials and the surface microstructure. 
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Generally, stimulus responsive smart materials are fabricated 
by introducing stimulus responsive polymers, functional 
groups, or particles, realizing switchable surface wettability and 
on-demand oil/water separation. Meanwhile, the wetting 
performance of stimulus responsive smart materials is related 
not only to their low surface energy but also their surface 
roughness. +617% Specifically, the preparation of 
superhydrophobic/superoleophilic surfaces can be achieved by 
two methods. Firstly, constructing a rough micro-nano struc- 
ture on the surface of hydrophobic materials, and secondly 
reducing the surface free energy of a rough surface with a low 
surface energy chemical composition. Therefore, to obtain 
a superhydrophobic/superoleophilic surface, the surface 
tension of the solid needs to be lower than one quarter of that of 
the corresponding liquid. The surface tension of water is 72.8 m 
Nm’, while that of oil is 20-40 m Nm™*. After meeting the 
requirements of surface tension, a superhydrophobic/ 
superoleophilic surface can be obtained by constructing the 
corresponding rough structure. Alternatively, to obtain a super- 
hydrophilic/superoleophobic surface, the surface tension 
should be larger than that of water and smaller than that of oil. 
Because surface tension is composed of dispersive and non- 
dispersive components, it can be expressed by the following 
equation:” 
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(viv + Lv) (1 + cos 6) = ay vvity + ay evry (7) 


where @ is the CA of the liquid droplets on the solid surface, the 
superscript d represents the dispersive component of surface 
tension and p represents the polar component. Because the 
surface tension of water contains polar and dispersive compo- 
nents, the polar component of oil is negligible because oil is 
usually non-polar. Therefore, the CA of water and oil can be 
respectively expressed as: 


_ 2/ viv + 2V/ rev rev 
COS Îwater q à (8) 
Yiv + YLv 
d 
cos boi = 2 Ysy = (9) 
YLV 


Therefore, low dispersive and high polar components are 
superhydrophilic/ 
Subsequently, the 


construction of 
surfaces. 


necessary for the 
superoleophobic 
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superhydrophilic/superoleophobic property can be created by 
introducing hierarchical structures to further enhance the 
hydrophilic/oleophobic properties. Consequently, once smart 
materials possess a stimulus-tuned switchable wetting state 
between (super)hydrophobicity/(super)oleophilicity and (super) 
hydrophilicity/(super)oleophobicity, they are capable of 
achieving external stimulus regulated bidirectional separation 
(“oil removing” and “water removing”), such as pH-, tempera- 
ture-, light-, ion-, and gas-triggered smart separation materials. 

Interestingly, prewetting induced smart material surfaces 
with both underwater superoleophobic/underoil super- 
hydrophobic property can be obtained through the construction 
of surface structures and the regulation of their surface prop- 
erties. Prof. Robin H. A. Ras and Dr Xuelin Tian” of Aalto 
University in Finland revealed the construction principle of 
these surfaces for the first time. Subsequently, they proposed 
two important requirements for realizing underwater super- 
oleophobicity and underoil superhydrophobicity from the 
surface microstructure, as follows: (1) the surface structure 
needs to be completely infiltrated by water and oil and (2) once 
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Fig. 8 (a) and (b) Oil-water interfaces supported by water-filled and oil-filled microstructures, respectively. (L, H, Du, and Dp are the pitch, post 
height, and top and bottom of the posts, respectively.) Reproduced from ref. 94 with permission from Wiley-Blackwell, copyright 2016. (c) 
Schematic illustration of the procedure for the synthesis of superhydrophobic micro/nanoparticles. (d) Superhydrophilic and superhydrophobic 
micro/nanoparticle mixed spraying to control the wettability of the coating surface. Reproduced from ref. 95 with permission from the American 


Chemical Society, copyright 2021. 
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the surface structure is filled with one liquid, the other liquid 
can be stably suspended above the oil/water interface without 
entering the surface structure. As shown in Fig. 8(a) and (b), to 
obtain underwater superoleophobic/underoil super- 
hydrophobic surfaces, the surface CA should be smaller than 
the local geometric angle of posts (y) and the maximum in 
arctan L/H (eqn (10)). Secondly, it is necessary to satisfy both the 
CAs of the oil/water interface and the water/oil interface being 
larger than ¢ (eqn (11)). 


L 
Oca < max | pọ, arctan i (10) 


fwo > 9, Sow > 9 (11) 


where Oc, is the intrinsic water CA, ¢ is the local geometric 
angle of posts, and @y/o and ĝo;w are the intrinsic water-in-oil 
and oil-in-water CAs, respectively. L and H are the pitch and 
the post height, respectively. For ideal surfaces, Owjo + Îo;w = 
180°, which indicates that g must be less than 90°. According to 
the relationship between w/o, fow and Owater, Pwo and Bow 
can be expressed as follows:1”* 


2(cos Owater — 1) 
1 — (Yo — Yow)/Yw 


cos Owjo = arccos | >o (12) 


2(cos water — 1) i 7 >o (13) 


cos 0 = 180° arccos } 
a 1 — (Yo — Yow)/Yw 


where Yo, Yw, and Yow are the oil, water, and water-oil inter- 
facial tension, respectively. The above-mentioned evaluation of 
ca can provide guidance for the design and fabrication of 
underwater superoleophobic/underoil superhydrophobic 
surfaces. Furthermore, Li et al.” proposed the preparation 
principle of equilibrium surface energy to fabricate underwater 
superoleophobic/underoil superhydrophobic surfaces by regu- 
lating the ratios of the superhydrophilic/superhydrophobic 
components. Specifically, from the perspective of surface 
energy, a superhydrophilic surface requires that the surface 
tension of the solid (ys) and yw to be close, while a super- 
hydrophobic surface needs ys to be lower than yw. Moreover, 
Yo is usually low, whereas yw is the highest in most liquids 
(72.8 m Nm’). According to eqn (1), a surface with high surface 
tension has a stronger affinity for water, while that with a low 
one has a stronger affinity for oil. Accordingly, most surfaces are 
more hydrophilic in the air, and then show underwater super- 
oleophobic property. However, superhydrophilic surfaces 
usually absorb dust or organic gases in the air to maintain the 
minimum energy and reach a relatively stable state, thereby 
losing the certain superhydrophilicity. Meanwhile, underwater 
superoleophobic surfaces are usually underoil hydrophilic. 
Based on this, surfaces with both underwater superoleophobic/ 
underoil superhydrophobic property can be obtained by regu- 
lating the appropriate ratio of superhydrophilic and super- 
hydrophobic substances. As shown in Fig. 8(c) and (d), surfaces 
with underwater superoleophobic/underoil superhydrophobic 
property were successfully fabricated by spraying strategy. 
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In conclusion, most smart materials exhibit remarkable 
potential in solving oil leakage and treating oily wastewater, 
which have created a promising and valuable research direction 
in the field of oil/water separation. In this section, stimulus 
responsive and prewetting induced smart materials will be 
discussed in detail. 


4.1 Stimulus responsive smart materials 


Recently, stimulus responsive smart materials have attracted 
extensive attention due to their promising potential in the 
biomedical field, smart coatings, control-release applications, 
intelligent sensors, and oil/water separation.” In the field of 
oil/water separation, smart materials with excellent switchable 
oil/water wetting performance are expected to be applied in 
practical oily wastewater remediation. To achieve the smart 
conversion between  superhydrophobicity and super- 
hydrophilicity, surface modification by responsive polymers can 
be regarded as the most effective way to fabricate smart mate- 
rials. The external stimuli factors include pH, heat, light, elec- 
tric field, magnetic field, salt/ions/chemicals, and gas.*?*°°” 
These stimulus responsive smart materials greatly enrich the 
field of oily wastewater treatment and provide much more 
advanced strategies for solving oil spills and oily wastewater. 
Herein, each stimulus responsive factor, representative work, 
design ideas, and manufacturing methods and specific appli- 
cations will be discussed in detail. Meanwhile, the latest study 
developments of stimulus responsive smart materials are also 
systematically summarized in Table 1. 

4.1.1 pH-responsive smart materials. pH-responsive smart 
materials have become one of the most investigated and 
explored class of materials due to their convenient operation 
and rapid response. An increasing number of substances and 
different strategies have been utilized by researchers to design 
and construct pH-responsive smart materials with specific 
wetting performances. Generally, pyridine, carboxyl, acrylic 
acid, acrylamide, and tertiary amine groups are the typical pH- 
responsive functional substances.**°°** Meanwhile, combined 
with various supporting materials including porous (metal 
meshes, polymer meshes, fabrics, etc.) materials, foams, and 
sponges, a large number of excellent property smart materials 
with pH responsiveness has been fabricated.” *™ For example, 
Zhang et al.” fabricated a smart material by grafting poly(2- 
vinylpyridine) (P2VP) and oleophilic/hydrophobic PDMS on 
a non-woven textile and polyurethane sponge, respectively, 
which could transform wettability between superoleophilicity 
and superoleophobicity in aqueous media. Luo et al.’ reported 
the preparation of a smart fiber membrane by directly depos- 
iting the pH-responsive copolymer poly(methyl methacrylate)- 
block-poly(4-vinylpyridine) (PMMA-b-P4VP) on stainless steel 
mesh. The obtained membrane exhibited reversibly tunable 
wettability towards water and oil. The fabrication process is 
shown in Fig. 9(a). The obtained fiber membrane accomplished 
gravity-driven pH-controllable oil/water separation. As shown in 
Fig. 9(b), oil selectively passed through the membrane, whereas 
water remained at the initial state (pH = 7), whereas after the 
membrane was wetted with acid solution (pH = 3), a reverse 
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separation model was realized. Recently, Zhao et al. designed 
and constructed a coating with pH-switchable wettability tran- 
sition between superamphiphobic and superhydrophilic/ 
superoleophobic performance by dipping cotton fabric in 
a mixture solution. Consequently, the as-prepared fabrics 
exhibited repellency to both water and oils, while upon expo- 
sure to acidic solutions (pH = 1), they transformed to be 
superhydrophilic/superoleophobic within a short response time 
of <5 s (Fig. 9(c)). In addition, the superamphiphobicity of the 
fabric could be recovered under mild alkaline condition (pH = 
10), and the conversion process was reversible for many cycles 
(Fig. 9(d)). Furthermore, the effective in situ or ex situ wettability 
changes under acidic or alkaline solutions treatment endowed 
the coating a performance for separating oil/water mixtures or 
even some mixtures of immiscible organic solvents. However, 
current pH-responsive smart materials change the wettability 
only under specific pH conditions, which makes it difficult to 
separate increasingly complex oil/water mixtures. Therefore, it 
is urgent to develop smart oil/water separation materials with 
a higher pH response range. In addition, the biggest challenge 
in developing pH-induced smart materials is the chemical 
stability of the materials because contact with acid or alkaline 
solutions is inevitable when changing their surface wettability, 
which significantly affects their surface roughness and chem- 
ical composition, resulting in a rapid decline in oil/water 
separation performance. Consequently, the design and fabri- 
cation of pH-induced smart materials with excellent chemical 
stability is particularly necessary for practical separation 
applications. 

4.1.2 Thermal-responsive smart materials. Thermal- 
responsive smart materials are also promising in water treat- 
ment applications, which have attracted broad interest from 
researchers. At present, some thermo-sensitive polymers such 
as poly(n-isopropylacrylamide) (PNIPAM), poly(vinyl alcohol-co- 
vinyl acetal), and poly(n-vinyl caprolactam) are used to design 
and fabricate thermal-responsive smart materials.'°*” 
Combining rough surface structures, proper pore diameters, 
and thermo-responsive substances, thermal-responsive smart 
materials can efficiently separate oil/water mixtures or even 
emulsions at different temperatures. For example, Regen 
et al.™® proposed that temperature can be used as a regulating 
factor for the controllable adsorption and desorption of organic 
compounds from water and successfully prepared a thermally 
responsive separation material. Continuously, utilizing the 
advantages of PNIPAM and PNIPAM-based polymer, Jiang 
et al.**° realized thermally switchable water wettability 
between superhydrophobicity and superhydrophilicity at the 
solid interface in air as well as changeable oil wettability 
between superoleophobicity and superoleophilicity at the solid 
interface under water. Meanwhile, Cao et al.™* fabricated 
thermal- and pH dual-responsive smart materials for control- 
lable oil/water separation via the photo-initiated free radical 
polymerization of  dimethylaminoethyl methacrylate 
(PDMAEMA). The PDMAEMA hydrogel-coated mesh exhibited 
superhydrophilicity and underwater superoleophobicity at 
a certain pH and temperature. As shown in Fig. 10(a), water can 
pass through the obtained mesh under 55 °C, while oil is kept 
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on the mesh; otherwise (T > 55 °C), the oil will be permeated and 
the water trapped. In a recent study, Feng et al.” designed and 
fabricated a thermo-responsive poly(n-isopropylacrylamide) 
(PNIPAAm)-modified nylon membrane via the hydrothermal 
route. The as-prepared membrane could separate at least 16 
types of surfactant-stabilized oil-in-water and water-in-oil 
emulsions at different temperatures. Below the lower critical 
solution temperature (LCST, ca. 25 °C), the membrane exhibited 
hydrophilicity and underwater superoleophobicity, which could 
be used for the separation of various oil-in-water emulsions. 
Correspondingly, above the LCST (ca. 45 °C), the membrane 
showed the opposite property with high hydrophobicity and 
superoleophilicity, and then it could separate surfactant- 
stabilized water-in-oil emulsions (Fig. 10(b)). In summary, 
compared with pH-responsive materials, thermal-responsive 
smart materials have been proven to be a more efficient way 
to separate oil/water mixtures due to their wider response range. 
However, how to maintain the wettability of thermal-responsive 
smart materials during the oil or water removal process is still 
a considerable challenge, especially when handling large-scale 
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separations or continuous separations. In addition, smart 
materials with thermal-responsive performances are usually 
accompanied by huge energy consumption. Therefore, it is 
extremely important to design thermally responsive smart oil/ 
water separation membranes with excellent thermal stability, 
chemical stability and economic benefits. Meanwhile, provided 
that the heat can be obtained from the sunlight through 
substances with the photothermal effect, this will greatly 
promote the practical application of thermal-responsive smart 
materials in the field of water treatment. 

4.1.3 Photo-responsive smart materials. Generally, ultravi- 
olet (UV) or visible light can induce the reversible conversion of 
surface wettability, thereby accomplishing the on-demand and 
efficient separation of the oil/water mixtures. Some photo- 
responsive nanoparticles have been explored and applied, 
such as TiO, ZnO, and SnO;, which are switchable super- 
wetting substances based on UV light or dark conditions.***"° 
In addition, photocatalytic degradation is considered to be one 
of the most effective strategies applied for the remediation of 
oily wastewater. Therefore, coupling specific wettability 
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separation materials with photocatalysts can effectively treat 
oily pollutants from wastewater, and simultaneously decom- 
pose oils or organic solvent contaminants. For example, Zhai 
et al.‘ pioneered and prepared a ZnO nanorod array-coated 
mesh for UV light-induced water removal. Feng et al." fabri- 
cated a double-layer TiO-based mesh for successive oil and 
water removal, as well as the photodegradation of pollutants 
under UV light irradiation. As shown in Fig. 11(a), the water can 
stay on the mesh membrane, while the oil penetrates the film 
and flows down. After separation, the membrane can degrade 
the pollutants in the water and the octadecyl phosphonic acid 
(ODP) modification under 2 h of UV illumination, during which 
the membrane gradually loses its superhydrophobicity and lets 
the purified water flow down. Recently, Pan et al. reported 
a UV-driven switchable superwetting coating for the efficient 
separation of oil/water mixtures and emulsions. The wettability 
of the coating could be rapidly transformed between 
superhydrophobicity/superoleophilicity and 
superhydrophilicity/underwater superoleophobicity by UV irra- 
diation and heating process, respectively, which can be used for 
the on-demand separation of both immiscible oil/water 
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mixtures and miscible oil/water emulsions (Fig. 11(b)). In 
addition, as shown in Fig. 11(c), the obtained material could 
also decompose soluble contamination in water through UV 
irradiation owing to the photocatalysis property of TiO. 
Consequently, the as-prepared coating provided an effective 
method for both on-demand oil/water separation and water 
purification, which is of great significance in both industrial 
and domestic applications. However, photo-responsive smart 
materials are limited by the transition range of switchable 
wettability and photochemical degradation as well as the 
thermal relaxation of their function groups. Meanwhile, the 
wettability transition of photo-responsive smart materials is 
often time-consuming. Therefore, it is necessary to explore and 
research fast, super-sensitive, and photocatalytic photo- 
responsive smart materials. 

4.1.4 Electric-responsive smart materials. Ultra-fast 
response speed (usually within a few seconds) is the obvious 
superiority of electric field stimulus responsive smart materials. 
Herein, smart materials that controllably change their wetting 
property in response to an electric field have developed into one 
of the most significant categories of stimulus responsive 
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materials and have extensive applications in water treat- 
ment.” For example, Tuteja et al.” first prepared a hydro- 
phobic nylon membrane that responded to electrical 
stimulation to realize the on-demand separation of oil/water 
mixtures. Tian et al.’* reported an electric-responsive smart 
material based on stainless steel mesh, which was coated with 
root-shaped polyaniline nanofibers, inducing the selective 
water permeation for oil/water separation. As shown in 
Fig. 12(a), the micro/nanoscale hierarchical-structured poly- 
aniline mesh possessed superhydrophobic and underwater 
superoleophobic property, while its superhydrophobicity could 
turn to hydrophilicity at 160 V and it could further selectively 
separate water at 170 V. In addition, the mesh exhibited low 
underwater oil adhesion and anti-corrosion ability, indicating 
that it could keep working under harsh environments during 
practical application. Similarly, Guo et al.’* fabricated a poly- 
aniline-coated stainless steel mesh (SSM) with controllable 
pore diameter for the switchable separation of emulsions via 
the electrochemical method. In this work, the pore size of the 
polyaniline-coated meshes could be easily adjusted by control- 
ling the number of cyclic voltammetry (CV) cycles. As shown in 
Fig. 12(b), the obtained materials exhibited different wettability. 
Consequently, the as-prepared superwetting SSMs could be 
used for the switchable separation of surfactant-stabilized 
water-in-oil and oil-in-water emulsions only under gravity or 
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a low applied pressure difference (0.1 bar). However, the current 
problems associated with electric-responsive smart materials 
are the control of the wetting performance conversion and 
safety issues. Meanwhile, smart materials with electric- 
responsive performances are usually accompanied by huge 
energy consumption. This is the reason why electric-responsive 
smart materials have not been well developed to date. There- 
fore, the future research direction of electric-responsive smart 
materials should focus on the exploration of energy saving, 
safety, high efficiency, and controllability. 

4.1.5 lIon-responsive smart materials. lon-responsive smart 
materials have also shown promise in oily wastewater treat- 
ment. Generally, ion-responsive behavior is observed in poly- 
meric systems with charged groups,” such as poly(acrylic 
acid), poly(ionic liquid), and polyelectrolyte. Specifically, the 
surface wetting property is affected by the ionic strength or 
counter ions, and thus can be reversibly regulated via cation/ 
anion exchange or addition of an external ion source. For 
example, Feng's group?” manufactured an Hg**-responsive oil/ 
water separation mesh with poly(acrylic acid) hydrogel coating. 
As shown in Fig. 13(a), the mesh could efficiently separate oil/ 
water mixtures and switch the wettability based on the chela- 
tion between Hg** and poly(acrylic acid). Meanwhile, Feng 
et al.” further developed a novel solution-controlled hydrogel- 
coated mesh for oil/water separation based on monolayer 
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electrostatic self-assembly. The as-prepared mesh could con- 
trollably transform between superhydrophilicity/underwater 
superoleophobicity and superhydrophobicity/ 
superoleophilicity through self-assembly and dis-assembly 
methods (Fig. 13(b)). Consequently, single-layer electrostatic 
self-assembly could be realized by immersing the hydrogel- 
coated mesh in an ethanol solution of stearic acid. On the 
contrary, the mesh could be quickly restored to its original state 
after the single layer decomposed by immersing it in the NaOH 
aqueous solution. However, the biggest challenge associated 
with ion-responsive smart materials is the chemical stability of 
the material surface because when specific ions are used for 
wettability conversion, the chemical reaction time, chemical 
stability, surface morphology, etc. will all have an impact on the 
wettability. This is why smart materials with ion-responsive 
performances for oil/water separation have not been well 
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developed to date. In addition, the surface wettability switching 
mechanism of ion-responsive smart materials has been rarely 
studied. Therefore, further insights into the mechanism of 
switchable surface wettability and the surface wettability with 
excellent chemical and mechanical stability are necessary. 
4.1.6 Gas-responsive smart materials. Smart materials with 
gas-responsive property have opened a greatly promising 
opportunity to develop advanced oil/water separation materials 
and devices for a range of applications. To date, carbon dioxide 
(CO2) has been developed as the most commonly used trigger 
material due to its low cost, abundance, and non-toxic charac- 
teristics.’?* In addition, other gases including NH3, O}, and H, 
have also been exploited for regulating the surface wetta- 
bility. °"? For example, Zhao et al.*** took the lead in designing 
and preparing a smart surface with CO, gas switchable wetta- 
bility in 2012. Yuan's research group*** developed smart 
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nanostructured electrospun polymer fiber membranes, which 
were capable of switchable oil/water wettability using CO, as the 
trigger. In addition, Zhu et al. reported the preparation of 
highly porous poly(styrene-co-N,N-(diethylamino)ethyl methac- 
rylate) (i.e., poly(St-co-DEA)) membranes with an “open-cell” 
structure and CO,-switchable wettability using water-in-oil (W/ 
O) high internal phase emulsion (HIPE) templates. As shown 
in Fig. 14(a), the obtained membrane could be transformed 
from hydrophobic to hydrophilic by performing CO, treatment 
in an aqueous system. Moreover, the wettability was completely 
reversible and the membrane could be regenerated by simple 
drying to remove the CO, and oil residues (Fig. 14(b)). Corre- 
spondingly, Singh and coworkers” manufactured a smart 
surface mesh with reversible wetting property via a simple, eco- 
friendly, and scalable approach for on-demand oil/water sepa- 
ration. It can be seen from Fig. 14(c) that the wetting property of 
ZnO nanowire-coated mesh could be switched from super- 
hydrophilicity to superhydrophobicity and vice versa, simply 
annealing at 300 °C alternately in hydrogen and oxygen 
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atmospheres. Consequently, the as-prepared membrane 
successfully realized the on-demand and efficient separation of 
oil/water mixtures under the different gas stimuli responses 
(Fig. 14(d)). In summary, with the increasing number of gas- 
responsive smart materials being designed and fabricated, 
developing non-toxic, green and environmentally friendly 
materials for controllable oil/water separation will be highly 
desirable. However, the wetting property of the gas-regulated 
surface of smart materials needs to be further explored. 

4.1.7 Dual- and multi-responsive smart materials. Thus far, 
smart oil/water separation materials that usually respond to 
a single stimulus have been widely studied and fabricated. 
Meanwhile, most of these single stimulus-responsive smart 
materials exhibit unique advantages and excellent oil/water 
separation performances. However, considering the increas- 
ingly complex oil/water mixture environments, it is extremely 
difficult for these materials to cope with the conditions, even 
resulting in the possibility of their failure. Therefore, dual- or 
multi-responsive smart materials with tunable wettability have 
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been extensively studied, such as thermo/pH,'** thermo/ 
photo,” CO,/N,,*° ion/thermo,** magnetic field/electric 
field, pH/NH3,** and thermo/pH/glucose concentration.™* 
For example, Huang's research group reported the develop- 
ment of a dual pH- and ammonia-vapor-responsive polyimide 
(PI)-based nanofiber membrane with high separation perfor- 
mance and stability for oil/water separation. The membrane 
was prepared by successively dip-coating electrospun PI in 
decanoic acid (DA)-TiO, and silica nanoparticles (SNPs). The 
fabrication process and oil/water separation are shown in 
Fig. 15(a) and (b), respectively. Consequently, the as-prepared 
membrane exhibited an extremely high separation flux, sepa- 
ration efficiency, reusability, and excellent stability in extreme 
conditions under both pH-responsive and NH3;-responsive 
conditions. Undoubtedly, dual- or multi-responsive smart 
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materials are more suitable for extremely complex and harsh 
conditions. However, dual- and multi-responsive smart mate- 
rials have not been widely reported for oil/water separation to 
date because their complex design process and high cost are the 
main factors restricting their rapid development. Accordingly, 
future efforts should focus on developing facile and economic 
dual- or multi-responsive smart materials. 


4.2 Prewetting induced smart materials 


Nowadays, an increasing number of stimulus responsive smart 
oil/water separation materials has been extensively explored, 
designed, and fabricated. These responsive materials not only 
are promising in on-demand oil/water mixture treatments, but 
also provide significant insights into the design of functional 
separation materials for complex oil/water emulsions. However, 
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these smart materials also have certain deficiency given that 
they usually need to combine organic polymer or inorganic 
substances with specific-response functions, resulting in an 
increase in required materials and manufacturing processes. In 
addition, the introduction of external stimulus sources such as 
heat, gas, light, ions, and electric field greatly increases the 
energy and material consumption. Generally, stimulus respon- 
oil/water separation materials are 


sive smart usually 


accompanied with high cost and huge energy consumption. 
Herein, another pioneering work was performed to achieve the 
on-demand and efficient separation of oil/water mixtures (non- 
emulsified and emulsified) via the prewetting induced strategy. 
Specifically, based on their underwater superoleophobicity and 
underoil superhydrophobicity, the as-fabricated smart mate- 
rials realized the on-demand separation of oil/water mixtures 
and even emulsions through prewetting with a heavier 


Table 2 Summary of prewetting induced smart oil/water separation materials 


Separation 
Substrate Materials Fabrication method Separation type efficiency Ref. 
Nonwoven Polypropylene-wood pulp fiber Dip-coating Oil/water mixtures — 61 
fabric 
Stainless steel TiO, nanoparticles Sol-gel & dip-coating Oil/water mixtures 99.9% 64 
mesh 
Filter paper & Graphene Filtration & dip- Oil/water mixtures >98% 120 
cotton cloth coating 
Fabric Tetrahydrofuran, poly(styrene-block-isoprene-block-styrene), Dip-coating & Oil/water mixtures = 55 
1H,1H,2H,2H-perfluorooctyl trichlorosilane, tetraethyl chemical bath 
orthosilicate, fumed silica, MgO nanoparticles, Al,O; nanoparticles deposition 
Cotton fabric Thiols (SiO2-SH) particles, 2-(dimethylamino)ethyl methacrylate Vapor-liquid sol-gel Oil/water mixtures & >99% 176 
(DMAEMA) & thiol-ene click oil/water emulsions 
reaction 
Fabric Corn straw powder (CSP), polyurethane Spray-coating Light oil/water/heavy — 177 
oil three-phase 
mixtures 
Polyvinylidene TiO, nanowires Adsorption and Oil/water emulsions — 178 
fluoride filtration 
Non-woven Polyvinylidene fluoride, N-vinyl-2-pyrrolidone (NVP), Dip-coating Oil/water emulsions — 174 
fabric triethoxyvinylsilane (VTES) 
— Sand = Oil/water mixtures = 179 
Paper towel Superamphiphobic nanoparticles Spray-coating Oil/water mixtures, — 180 
surfactant-stabilized 
emulsions 
Fabric Copper particles Dip-coating Oil/water mixtures = 181 
Fe foam Stearic acid, copper chloride Modification and Oil/water mixtures — 182 
annealing 
Stainless steel Ag nanoparticles, polypyrrole Cyclic voltammetry & Oil/water mixtures = 183 
mesh electrodeposition 
Stainless steel Polypyrrole (PPy) Electrochemical Oil/water mixtures& — 184 
mesh polymerization oil/water emulsions 
Stainless steel Polydimethylsiloxane One-step vapor Oil/water mixtures >99.0% 185 
mesh deposition 
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component. Meanwhile, this approach to prewetting induced 
switchable wetting property avoids the use of expensive and 
environmentally polluting substances with low surface energy. 
In this chapter, the prewetting induced separation of oil/water 
mixtures and oil/water emulsions will be discussed. In addi- 
tion, other recent prewetting induced smart materials are 
summarized in Table 2. 

4.2.1 Prewetting induced oil/water mixture separation. 
Prewetting induced smart materials have important theoretical 
significance and application value for the efficient separation of 
oil/water mixtures in the field of water environmental pollution. 
Importantly, the responses (water or oil) can be obtained 
directly from the oil/water mixtures, thereby greatly reducing 
the cost and saving time. For example, Tuteja et al.” reported 
the preparation of membranes with hygro-responsive surfaces, 
which exhibited excellent underwater superoleophobic and 
underoil superhydrophobic property. Consequently, the ob- 
tained membrane could separate a range of different oil/water 
mixtures with high separation efficiency. In addition, Li 
et al.’ developed controllable oily water separation based on 
biomacromolecule-modified mesh via the prewetting strategy. 
As shown in Fig. 16(a), the prewetting induced underwater 
superoleophobic or underoil superhydrophobic waste potato 
residue coated-mesh (PRCM) successfully achieved the efficient 
separation of oil/water mixtures without further chemical 
modification. Consequently, when the PRCM was pre-wetted 
with water, the water phase could be removed from light oil/ 
water mixtures by gravity with high separation efficiency 
(Fig. 16(b)). Conversely, heavy oil could be removed from oil/ 
water mixtures by gravity with the heavy oil pre-wetted PRCM. 
As shown in Fig. 16(c), the obtained PRCM showed high 
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separation performance for a series of light or heavy oil/water 
mixtures. In addition, the PRCMs maintained a high separa- 
tion efficiency (>98.0%) and stable recyclability even after 40 
separation cycles for a kerosene-water mixture. Recently, Pan 
et al.*”* fabricated superoleophobic/superhydrophilic surfaces 
by introducing magnetic nanoparticles, short-chain fluorine 
groups and hydrophilic-induced units into 2D or 3D substrates 
(i.e., cotton, sponges and steel mesh). As shown in Fig. 17(a)-(c), 
the as-prepared superwetting stainless steel mesh (SSSM) 
surfaces could reversibly convert superoleophobic/ 
superhydrophilic surfaces into superoleophilic/underoil super- 
hydrophobic surfaces within 10 s. Consequently, the separation 
of light or heavy oil/water mixtures, oil-in-water emulsions, and 
water-in-oil emulsions was successfully achieved through the 
switchable surface wettability toward water and oil. However, 
due to the limitation of materials with specific properties, there 
are few reports on prewetting induced smart oil/water separa- 
tion materials. Meanwhile, when prewetting induced smart 
materials are used for the separation of oil/water mixtures or 
emulsions by oil-prewetting, they inevitably face challenges 
such as easy blockage of the material pores, low separation 
performance, and poor separation cycle stability. Therefore, the 
construction of anti-oil-fouling ability is necessary for prewet- 
ting induced smart materials to solve oil spills and purify oily 
wastewater. 

4.2.2 Prewetting induced oil/water emulsions separation. 
Meanwhile, the separation of oil/water emulsions via prewet- 
ting induction strategy is also particularly pioneering work. Due 
to the fact that nanomaterials not only have the quantum size 
effect, small size effect, surface effect and macroscopic tunnel 
effect of nanoparticles, but also the quantum coupling effect 


Fig. 16 (a) Schematic diagram of the prewetting induced PRCM used for separating oil/water mixtures. (b) Photo of PRCM separation oil/water 
mixture under water prewetting. (c) Photo of PRCM separation oil/water mixture under oil prewetting. Reproduced from ref. 63 with permission 


from The Royal Society of Chemistry, copyright 2016. 
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Fig. 17 (a) CAs of organic solvents and oil with different surface tensions on SSSM surface. (b) Schematic of the process of solvent-responsive 
wettability transition and the CA images of oil and water on SSSM surface before and after the wettability transition. (c) On-demand oil water 
separation enabled by the initially prepared SSSM and converted SSSM. Reproduced from ref. 173 with permission from the American Chemical 


Society, copyright 2020. 


and synergistic effect produced by the combination of nano- 
structures, they exhibit unique physical and chemical proper- 
ties, and thus great application value in fabricating 
superwetting interfaces. Alternatively, nanomaterials, especially 
nanoparticles, can form a micro/nano-scale rough structure on 
the material surface, thereby significantly improving the 
wettability of the material. Therefore, the construction of 
superwetting materials with micro/nano-scale pore structure 
and roughness is extremely important to achieve the on- 
demand and efficient separation of oil/water emulsions. For 
instance, Liu et al.‘’* reported the preparation of a super- 
hydrophilic and superoleophilic polyvinylidene fluoride (PVDF) 
membrane that was underwater superoleophobic and underoil 
superhydrophobic. The unique wettability endowed the 
membrane with a switchable transport performance, making it 
a promising candidate for oil/water emulsion separation. Li 
et al.* designed and fabricated a smart membrane via a pre- 
wetting induced strategy for the controllable separation of oil/ 
water emulsions. As shown in Fig. 18(a) and (b), by combining 
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nanoscale pores and switchable wettability between underwater 
superoleophobicity and underoil superhydrophobicity, the 
controllable separation of oil/water emulsions could be easily 
implemented by alternatively washing the membrane with 
ethanol and drying it. In addition, Li and coworkers’” prepared 
a hygro-responsive superoleophobic/superhydrophilic coating 
via the liquid-phase deposition of TiO, with perfluorooctanoic 
acid (PFOA). The fabrication process is shown in Fig. 18(c). 
Consequently, the wettability of the obtained coating could 
accomplish the transformation from superoleophobicity/ 
superhydrophilicity to superhydrophobicity/superoleophilicity, 
both of which exhibited excellent superwetting property under 
air, underwater, salt, alkali, and acid conditions. Furthermore, 
the as-prepared coating could separate different types of oil/ 
water mixtures, even oil/water emulsions with high separation 
efficiency and excellent selectivity (Fig. 18(d)). In summary, 
prewetting induced smart materials are more convenient for 
manipulation, cheaper, and have simpler processes; however, 
these materials commonly require specific materials, which 
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increase the difficulty of their fabrication. In addition, prewet- 
ting induced smart oil/water separation materials still face the 
dilemma of poor separation cycle stability when separating 
heavy oil/water mixtures or water-in-oil emulsions due to the 
fact that their pores are easily blocked by oil. Thus, prewetting 
induced smart materials with excellent anti-oil-fouling ability 
will greatly promote their practical application. 


5 Challenges, conclusions, and future 
outlook 


In summary, an increasing number of special wettability 
materials have exhibited high separation performances for 
various oil/water mixtures and even complex oil/water emul- 
sions. Particularly, smart oil/water separation materials have 
greatly expanded and provided much more convenience for 
treating practical oil spills and purifying industrial oily waste- 
water. In this review, the fundamental theory of special wetta- 
bility, the mechanism of oil/water separation, and “oil- 
removing” and “water-removing” materials with single wetta- 
bility were simply discussed. Next, Janus materials with asym- 
metrical wettability were also described. Finally, the latest 
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developments in smart materials with switchable wettability, 
stimulus responsive and prewetting induced properties were 
systematically discussed and summarized. Meanwhile, in each 
section, the preparation principle, the representative work, 
design idea, fabrication strategies, and the role of special 
wettability in the separation were discussed in detail. Further- 
more, the advantages and challenges of each superwetting 
material were analyzed and discussed. Particularly, an in-depth 
discussion and systematic summary of the work done thus far 
in the development of smart materials for oil/water separation 
were presented. Obviously, stimulus responsive and prewetting 
induced smart materials have exhibited huge potential in 
solving oil spills and purifying oily wastewater, which are highly 
anticipated to enable the sustainable and efficient separation of 
oil/water mixtures or emulsions. Even though remarkable 
achievements have been made in the field of oil/water separa- 
tion, it is undeniable that smart materials still exhibit chal- 
lenges in practical applications, as follows: 

(a) Ultrafast wettability conversion smart materials. With the 
increasingly complex composition of oily wastewater, particu- 
larly mixed emulsions (including oil-in-water emulsions and 
water-in-oil emulsions), ultra-fast switching of wetting 
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characteristics to achieve the on-demand and efficient separa- 
tion of mixed emulsions is necessary. However, there are very 
few works in this area in the literature, and thus the design and 
preparation of ultrafast wettability conversion smart materials 
will become a hot and difficult research topic. 

(b) Multifunctional smart materials. Oily wastewater usually 
contains not only oil contamination but also heavy metal ions 
and microorganisms. Therefore, multifunctional smart mate- 
rials for the simultaneous removal of heavy metal ions and oil/ 
water separation with antimicrobial property also need to be 
developed for different oil/water separation purposes. 

(c) Smart-responsive property. Most smart materials with 
responsive property are limited to only one or two specific 
responses, which may not always be suitable for real industrial 
processes, thereby resulting in a discontinuous running 
industrial process. Consequently, the development of smart 
materials with a larger response range will be an important 
research area. 

(d) Smart materials with demulsification performance. Even 
though the “trade-off” effect between permeability and selec- 
tivity is an inherent contradiction and cannot be avoided, in 
recent years, researchers have been inspired by natural desert 
beetles, cacti, etc. to design and fabricate materials with excel- 
lent oil/water emulsions separation performances by enhancing 
the demulsification ability, which significantly improved the 
permeability and selectivity. Therefore, the design of smart 
materials with excellent demulsification property will greatly 
promote practical applications. 

(e) Mechanical and chemical stability. It is still a challenge to 
fabricate convertible superwetting surfaces with robust 
mechanical stability because many obtained intelligent mate- 
rials are susceptible to damage during practical applications. In 
addition, various harsh environments such as acid, alkali, salt, 
and heat in industrial production will also have a significant 
impact on the wetting property. Considering these complex oil/ 
water systems, the separation performance of materials is 
greatly weakened. Therefore, it will be a future trend to develop 
new superwetting smart materials with excellent mechanical 
and chemical stability, which can achieve efficient, stable, and 
continuous separation in practical applications. 

(£) The in-depth mechanism of oil/water emulsion separa- 
tion. Most of the current superwetting smart materials for 
separating emulsions have been developed based on the “size- 
sieving” mechanism, which has led to pores that are readily 
blocked by the accumulation of emulsified droplets, thereby 
causing a rapid decline in the separation flux and separation 
efficiency. Therefore, how to realize the highly efficient sepa- 
ration of emulsified oil/water mixtures for a broad range of 
droplet sizes (from micrometer-to nanometer-sized) without 
sacrificing the flux is still an important target. 

(g) Self-healing ability. Due to the insufficient mechanical 
and chemical stability of the surface structure of materials, their 
performances are easily vulnerable to damage either after 
several reuse cycles or under the harsh environments such as 
acid/alkaline solution and mechanical damage, resulting in 
a reduction in separation efficiency or even complete loss of 
functions. Thus, surfaces with self-healing ability and 
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controllable wettability are expected to be used in the field of 
self-cleaning, anti-corrosion, anti-icing, oil/water separation, 
etc. 

(h) Anti-fouling property. In practical applications, waste oil 
with high viscosity, high density, and strong adhesion can easily 
block the pore structure of the substrate or nanostructured 
coating, resulting in a sharp drop in separation performance. 
Therefore, the areas of anti-adhesion and anti-fouling will also 
become a research focus. 

(i) Environmental protection and cost-effectiveness. With the 
increasing depletion of petrochemical resources and increasing 
environmental pollution, researchers have gradually turned 
their attention to green and sustainable resources to solve the 
energy crisis. In addition, economic efficiency is also a key 
factor restricting the realization of the large-scale application of 
smart materials. Accordingly, much attention should be 
focused on designing, fabricating, and developing more green, 
eco-friendly, and efficient smart materials. 

Although challenging, with an ever-increasing number of 
scientists focused on this area, the development of smart 
materials in the field of oil/water separation is bright and 
promising. The future trend is to develop environmentally 
friendly, robust chemical and mechanical stability, fast self- 
healing, extensive smart-responsive property, multifunctional 
performance, and excellent antifouling ability. Finally, i would 
like to sincerely appreciate every scientific researcher. It is your 
hard work that has promoted the continuous development and 
progress in the field of oil/water separation. 
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